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ABSTRACT

Stage 4 of a series of highly loaded stages was tested without slots and
with slots and/or vortex generators to determine the extent that these devices
could extend the stable operating range of an 0. 8 hub/tip ratio subsonic axial
flow compressor stage. At design equivalent rotor speed, pressure ratio and
efficiency of slotted stage 4 both with and without vortex generators were lower
than the results obtained with the unslotted stage. The addition of vortex genera-
tors upstream of the rotor and between the rotor and stator of a stage comprised
of unslotted rotor 4 and slotted stator 4 produced a 10% increase in stage stall
margin at design speed. The peak pressure ratio remained about the same both
with and without vortex generators, whereas, the addition of vortex generators

resulted in a slight increase in peak efficiency.
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SINGLE STAGE EXPERH\EENTAL EVALUATION
COMPRESSOR BLAD?D?G WITH SLOTS AND
VORTEX GENERATORS
PART IIT - DATA AND PERFORMANCE FOR STAGE 4
J. A, Brent

PRATT & WHITNEY AIRCRAFT
FLORIDA RESEARCH AND DEVELOPMENT CENTER

SUMMARY

A 0.8 hub/tip ratio single stage subsonic compressor was designed and
tested without slots and/or vortex generators to determine the eXtent that these
devices could extend the stable operating range of axial flow compressors. The
stage was designed with zero rotor prewhirl, axial discharge flow, and constant
exit total pressure across the span. The design velocity diagrams and predicted
performance were based on the assumption that the rotor and stator blade ele-
ment losses would be reduced by the addition of slots and vortex generators.
Since the assumed reduction in wall losses did not completely compensate for the
increased losses that have been observed in highly-loaded blade rows, increased
blade camber was required near the walls to achieve a uniform stage exit total
pressure profile. The rotor and stator blading were designed with 65-series
airfoil sections. Blade aspect ratios, solidities, and maximum thickness distri-
butions were generally consistent with design practice for compressor middle

stages.

The predicted and measured performance for the four configurations tested
are summarized in table 1. All of the configurations failed to achieve their pre-
dicted rotor and stage pressure ratio and efficiency at design equivalent rotor
speed and corrected flow conditions. At design equivalent rotor speed the pres-
sure ratio and efficiency of slotted stage 4, both with and without vortex gen-

erators, were lower than the values obtained with the unslotted stage.
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The addition of the rotor inlet vortex generators to the slotted stage pro-
duced slight improvement in the rotor tip region losses with little change in the
losses at the hub. The addition of vortex generators upstream of the rotor and
between the rotor and stator of a stage consisting of unslotted rotor 4 and slotted
stator 4 produced a 10% increase in stage stall margin at design speed. The
peak pressure ratio remained about the same both with and without vortex

generators.
INTRODUCTION

Experience with highly-loaded axial~flow compressors has shown that the
region of the flowpath most critical to achieving high performénce is that area
adjacent to the walls. In the wall region of these stages the flow is predominantly
three-dimensional, whereas, at midspan the flow is more nearly two-dimensional.
The three-dimensional aspects of the flow result in a marked reduction in adiabatic
efficiency and associated low total pressure ratio and flow near the wall. Because
these factors generally represent a conversion of kinetic energy into internal
energy at an increase in entropy, the diffusion limits for a conventional blade
row are encountered near the wall, and stall or compressor surge is induced by
flow separation in these regions. Further, the wall diffusion limits prevent the
utilization of the full loading capacity of the midstream portion of the blade,
since the reduction in flow near the walls causes an increase in the midspan
velocity with a resultant decrease in midspan loading. These factors indicate
that advanced compressor design concepts for the increase of allowable stage
loading and stable, low-loss operating range should be concerned with the problem

of three-dimensional flow near the walls.,

Previous attempts to increase allowable stage loading limits by means of
slotted blading under NASA Contract NAS3-7603 (Reference 1) indicated good
performance for the blade midspan regions, but poor performance near the walls.
The relative effectiveness of the slots at midspan and their ineffectiveness near
the wall was attributed to the chordal placement of the slots and their inability to
sufficiently reduce the three-dimensional flows in the wall region. To attain the
full potential of highly loaded blading, methods must be developed to reduce the

three-dimensional (i.e., secondary) flow losses in this region. A single stage




experimental investigation was initiated with the following three approaches for

the improvement of blade element in the wall region.

i, Add blade-end slots and secondary flow fences to Stage 3 of
Contract NAS3-7603,

2. Design and test two new stages, designated 4 and 5, with
relatively high work input (blade camber) near the walls to

compensate for the high losses.

3. Evaluate blade slots and wall vortex generators added to

stages 4 and 5 to reduce the wall losses.

Experimental results obtained with Stage 8 modified with blade-end slots
and secondary flow fences, including discussion of the design modifications, are
presented in Reference 2. Discussion of the aerodynamic and mechanical de-
sign of Stages 4 and 5 is presented in Reference 3. This report presents the

data and performance obtained with the following Stage 4 configurations:
1. Unslotted Rotor 4 - Unslotted Stator 4 (baseline configuration)
2. Slotted Rotor 4 - Slotted Stator 4

3. Slotted Rotor 4 - Slotted Stator 4 with vortex generators ahead

of the rotor,

4, Unslotted Rotor 4 - Slotted Stator 4 with vortex generators

ahead of the rotor and between the rotor and stator.

During the last test (Item 4 above) one-third of the stator inlet vortex
generators separated from the wall, and because the time at which the separa-
tion occurred could not be determined, their influence on stator performance

could not be evaluated,
DESIGN SUMMARY
Blading Design

An important premise for the Stage 4 blading design was the assumption
that slots and vortex generators would reduce the rotor and stator blade element
losses below the levels of loss that were established as a function of loading
from the data of References 4 thré)ugh 9, Additionally, it was specified that the
rotor inlet and stator exit velocities were to be axial, and that the stator exit

total pressure was to be constant across the span. A design rotor tip velocity
4



of 757 ft per sec provided the desired tip inlet relative Mach No. of approxi-

mately 0. 8.

The design velocity diagrams were calculated by means of a computer
program which solves the continuity, energy, and radial equilibrium equations
for an axisymmetric flow. Radial gradients of enthalpy and entropy were in-
cluded in the calculation, and the influence of wall and streamline curvature on

the radial distribution of static pressure was taken into account.

Rotor and stator design velocity diagrams were selected in accordance
with the foregoing assumptions, design requirements, and calculation procedure,
NACA Series 65 blade sections with A = 1.0 meanlines (Reference 10) were
selected for the rotor and stator blading to be consistent with the blading used
under the Contract NAS3-7603 program (Reference 1), Other blade geometry
variables such as chord length, aspect ratio, solidity, and maximum thickness
were the same as, or very similar to, those for the Reference 1 blading. (Slight
departures in aspect ratio and hub/tip ratio resulted from the wall convergence

at the rotor and stator tips that was provided to limit the diffusion factors.)

Design incidence (minimum loss) and deviation angles were calculated
using the appropriate equations in Reference 11. For the rotor, 2 deg were
subtracted from the calculated incidence angles in accordance with the minimum

loss incidence results obtained under the Reference 1 program.,

Rotor and stator design velocity diagram data, blade element geometry
data, and predicted performance for Stage 4, designed on the assumption that
the losses would be reduced due to slots and vortex generators, are presented
in tables B~1 and B-2 of Appendix B. Symbols and performance variables are
defined in Appendix A. Details of the Stage 4 blading aerodynamic and mechanical

design are presented in Reference 3,
Design Predictions Without Slots and Vortex Generators

Velocity diagrams and overall performance were calculated for the Stage 4
blading without assuming reduced losses due to slots and vortex generators to
provide comparative data for test results obtained with the baseline stage. The
results of these calculations, are presented in tables B~3 and B-4 of Appendix B.
These results are based on the assumptions that the rotor and stator deviation
angles would be the same both with and without slots and that the unslotted stator
blade elements would be operating close to minimum loss, The former assump-

tion is consistent with the results obtained in Reference 1. ,




Slot Design

Four factors were considered for the selection of rotor and stator slot

configurations:

1. Spanwise extent
2. Chordal location
3. Number

4, Geometry

Spanwise extent, chordal location, and the number of slots were based on
the Stage 4 unslotted (baseline) test results obtained at near design point operating
conditions. Slot geometry was based on the results of a two dimens ional potential
flow analysis. Slot design details are given in Reference 3; a brief description

of the slot design is given below for convenience.

The estimated stalled regions on the rotor and stator suction surfaces at
near design operating conditions are illustrated in figure 1. The spanwise extent
of the stalled regions was estimated on the basis of the axial velocity and loss
coefficient distributions shown in the figure. The shape of the stalled regions
generally conforms to secondary flow patterns that have been observed on cascade
airfoils. The maximum spanwise extent of the slots was selected to cover the
spanwise extent of the stalled regions on the suction surfaces. The chordal loca-
tion of the slots was selected such that all of the slot flow would enter the suction
surface flow ahead of the estimated flow separation line. Because of the larger
radial flow gradients indicated by the axial velocity distribution for the rotor (as
opposed to those indicated for the stator) two rows of slots were specified for
the rotor. The upstream row, of lesser spanwise extent, is intended to move
the starting point of the stalled region beyond the downstream row. Chordal

location and spanwise extent for the rotor and stator slots are summarized below.

Rotor and Stator Slot Location

Chordal Location On Spanwise Extent
Suction Surface (Percent from Tip)
(Percent Chord)
Rotor 20 0-20 ; 80~100
45 0=-30 ; 70-100
Stator 20 0~30 ; 80-100

Slot geometry was evaluated on the basis of calculated pressure coefficient

distributions for the airfoil section at 85% span from the tip of Stator 4. Two-
6



dimensional, steady, incompressible, and inviscid potential flow was assumed
for these calculations. The 85% span section was selected as being representa-
tive of both the rotor and stator section geometry near the wall. Slot geometries
for the rotor hub and tip and the stator tip sections were made geometrically
similar to the configuration selected for the stator at 85% span. Final slot
geometry and locations are shown for several spanwise sections for the rotor in

figures 2a and 2b, and for the stator in figure 3.
Vortex Generator Design

Based on the development of severe secondary flows in both the rotor and
stator blade rows, as indicated by the baseline test results, it was concluded
that vortex generators should be designed for the inner and outer walls of both
blade rows. The vortex generators are intended, by means of turbulent mixing,
to induce high momentum air from the mainstream into the wall boundary layer
flow and low momentum air from the wall region into the mainstream flow, thus
helping to unload the blades in the wall region and load the midspan region,
Vortex generator design criteria presented in References 12 and 13, were used
as a guideline for the design of these wall vortex generators. The vortex genera-
tors for the rotor were located approximately 20 boundary layer thicknesses up-
stream of the rotor leading edge positioned symmetrically in pairs to produce
counter-rotating vortices. A boundary layer thickness of 0.41 in. was determined
from rotor inlet total pressure traverse data obtained during the unslotted Stage 4
test. Vortex generator height was set equal to 1.1 boundary layer thicknesses,
and they were equally spaced 2.7 heights apart at 25% chord. The chord length
was set equal to approximately twice the height. Based on the above criteria,
a chord of 0,91 in. was desired. Sixty-five series airfoil stock with a 0. 983 in.
chord was available, and was used to expedite fabrication. The resulting con-
figuration is shown in figures 4a and 4b. The strip stock had a maximum thickness-
to-chord ratic of 9%, and a camber (based on an equivalent circular arc meanline)
of 25 deg. To produce the maximum lift-drag ratio, an angle of attack of 14 deg

was selected.

Design of the stator vortex generators was not straight-forward since no
clearly defined houndary layer exists downstream of the rotor, and the upstream
distance from a ""separation' point (such as the stalled regions on the stator
vanes) for placement of the generators was limited, A pseudo boundary layer

thickness was therefore defined as one-twentieth of the maximum distance




available for generator placement upstream of the stator mid-shovrd, Thus,
with the vortex generator height set at 1.1 boundary layer thicknesses, the re-
gquired distance for turbulent mixing is provided between the generators and the
"separation" point (stator mid-chord, in this case). One pair of counter-rotating
vortex generators was provided for each stator vane passage. These vortex’
generators were fabricated from 0.020 in. sheet stock because of their small
size, They were cambered 20 deg and installed at an angle of attack of 10 deg.
The chord angle was determined from the stator inlet air angles measured dur-
ing the testing of slotted Stage 4 with vortex generators ahead of the rotor. The
resulting configuration is shown in figure 4c.
TEST EQUIPMENT
Facility
The compressor test facility is shown schematically in figure 5. The com-~
pressor is driven by a single-stage turbine, powered by exhaust gases from a
J75 slave engine, with compressor speed controlled by means of the engine
throttle. The slave engine exhaust gas is also used to power an ejector for
compressor wall boundary layer suction. Air enters the compressor test rig
through a 103-ft. long combined inlet duct, plenum and bellmouth inlet, and is
exhausted through an exit diffuser to the atmosphere. The inlet duct contains
a flow measuring orifice designed and installed in accordance with ASME stand-
ards. An area contraction ratio from plenum to compressor inlet of approx-
imately 10:1 provides near stagnation conditions in the plenum. The inlet duct

and plenum were mounted on a track and can be rolled away from the compressor

rig inlet to facilitate configuration changes.

Compressor Test Rig

A schematic of the single~stage compressor rig is shown in figure 6, and
the flowpath dimensions are given in figure 7. The hub-tip ratio at the rotor
inlet is 0,789, the test section has a constant hub diameter of 32.85 in., and
the outer wall converges from a dia of 41. 14 in, at the rotor leading edge to
39.99 in. at the stator exit, (Outer wall convergence was provided at the rotor
and stator tips to control diffusion factor). TRotor bearing loads are transmitted
to the rig support through struts located in the inlet and exhsust case assemblies.
The inlet struts are sufficiently far upstream so their wakes are dissipated

ahead of the rotor. The stage design specifications of zero rotor prewhirl and

8



axial discharge flow eliminated the need for inlet and exit guide vanes. Flow=-

rate was varied with a set of motor driven throttle vanes located in the exhaust case,

Porous walls were installed for boundary layer suction at the rotor tip
and the stator hub and tip as shown in figure 8. The porous wall was 0,060 in.
thick and had 0.066~-in. dia holes on 0.187-in. centers, providing an 11% open

area,
Instrumentation

Instrumentation was provided to obtain overall and blade element per-
formance data for each blade row. The locations of axial instrumentation sta-
tions are indicated in figure 7. Axial and circumferential locations of the in~

strumentation are shown in figure 9.

Airflow was measured with the ASME standard thin plate orifice located
in the inlet duct. Rotor speed was measured with an electromagnetic sensor
mounted adjacent to a 60-tooth gear on the rotor shaft, Gear tooth passing fre-
quency was displayed as rpm on a digital counter., Rotor rpm was also recorded
on magnetic tape. Inlet total temperature was measured in the inlet plenum by
means of five Kiel-type total temperature probes; inlet total pressure was
measured in the inlet plenum by means of five Kiel-type total pressure probes.
Six equally spaced static pressure taps were located on both the inner and outer
walls upstream of the rotor (station 0). From a rig calibration over a wide
range of weight flows, a correlation between bellmouth and orifice measured

weight flow was derived and used to check subsequent weight flow measurements.

Stage exit total temperature was measured at nine radial positions at each
of four circumferential locations using shielded thermocouples installed in
radial rakes at Stations 2A and 3. The stage exit temperature distributions
measured with these radial rakes were used for rotor performance calculations.
Redundant total temperature measurements at Stations 1, 2, and 2A, were pro~
vided by means of thermocouples in the 20-deg wedge traverse probes located
at each of these stations. One 20-deg wedge traverse probe was provided at
Station 1 to measure rotor inlet total pressure and air angle. Two 20-deg wedge
traverse probes were located at Station 2 (rotor exit) for total pressure and air
angle measurement; rotor exit total pressure was also measured af five radial
positions at one circumferential location with a Kiel-head rake. Three sets of

circumferential total pressure rakes were installed at Station 2A (stator exit)




for total pressure measurement. One set had circumferential rakes located at

5, 30, and 85% span; the second set had rakes at 15, 50, and 95% span; and the
third set had rakes at 10, 70, and 90% span. Two 20-deg wedge probes were

located at Station 2A for the measurement of stator exit air angle.

Static pressures at Stations 1, 2, and 2A were measured by means of 8-deg
wedge traverse probes. Four inner wall and four outer wall static pressure
taps, approximately equally spaced, were located at each of these axial stations.
The pressure taps ahead of and behind the stator were located on extensions of
the mid-channel streamlines. Stations 2 and 2A also had four inner and four
outer wall taps installed across a vane gap to measure the static pressure varia-
tion across the gap. Twenty static pressure taps were equally spaced between
20 and 83% chord at 10 and 90% span on the suction surfaces of two stator blades,

as shown in figure 10, for the baseline test,

Total pressure and temperature radial rakes are shown in figure 11. A
typical circumferential total pressure rake is shown in figure 12. Twenty-deg

and 8-deg wedge traverse probes are shown in figure 13.

Steady-state pressure data were measured with a multi-channel pressure
transducer scanning system that includes automatic data recording on computer
cards, Steady-state temperature measurements were also automatically recorded
on computer cards by a multi-channel scanning system in conjunction with a tem-~
perature reference oven and a digital voltmeter. Traverse and transient pres-
sure data were recorded on magnetic tape at up to 600 samples per minute per

channel,

Two static pressure taps, located in the plenum, two outer wall static
pressure taps at Station 0, and the fotal pressure radial rake at Station 2A (188°
in figure 9), were close-coupled to transducers for transient recording during
operation into and out of stall. A high response pressure transducer, mounted
in a total pressure probe at 10% span from the tip behind the rotor, was used to
detect the initiation of rotating stall. The transducer oufput was recorded on mag-
netic tape and correlated in time with the transient recording of bellmouth static

and stage exit fotal pressures.

Five rotor blades were each instrumented with three strain gages. These
strain gage outputs were displayed on oscilloscopes and visually monitored dur-
ing tests. Gage locations were determined in bench vibration tests with the

aid of stress~coat and the selected locations were verified by a fatigue test.
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PROCEDURES
Test Procedures

wall Bleed Flow Selection

Provisions were available for wall boundary layer bleed at the rotor tip
and stator hub and tip. Since the rotor and stator bleed flows were independently
controlled, the rotor bleed flow was selected prior to determining the stator
bleed flow., With the baseline compressor stage operating at near design condi-
tions, total pressures at 5% span from the tip downstream of the rotor, and 5
and 95% span downstream of the stator, were monitored as the rotor and then
the stator bleed flows were varied between zero and maximum. The maximum
bleed flow (limited by the perforated shroud effective flow areas) provided the
largest improvement in the observed total pressures and was therefore selected
for both the rotor and stator. With the exception of several points where the
bleed flow was intentionally reduced the maximum bleed flow setting was main-

tained throughout the Stage 4 test program.

Performance Tests

Overall and blade element performance data were obtained at 50, 70, 90,
100, and 110% of design equivalent rotor speed for the unslotted baseline con-
figuration, and 70 and 100% of design equivalent rotor speed for the slotted con~
figuration and the two configurations with vortex generators. Six data points
were recorded at each speed to define stage performance between maximum ob~
tainable flow and near stall. The near stall point was determined on the basis
of flow, stage exit pressure, and blade stresses monitored on oscilloscopes. At
each test point traverse surveys were followed by the recording of fixed pres-
sure and temperature instrumentation data with the traverse probes withdrawn,
Blade stresses were monitored during steady-state and stall transient operation

at all rotor speeds.

The influence of wall boundary layer bleed flow on performance was evaluated
at design equivalent rotor speed for all configurations except the unslotted (base-
line) configuration. Overall and blade element data were recorded with reduced
bleed flow for two data points at design equivalent rotor Spéed. One point was at
near stall flow and the other at a flow approximately 5 Ib per sec greater than

the stall flow.
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Transient measurements of bellmouth static pressure, rotor speed, and
stator exit total pressure were recorded ten times per sec to define stall charac-
teristics as the stage was operated into and out of stall. The output from a high
response pressure transducer, mounted in a total pressure probe behind the
rotor, was also recorded and correlated in time with the other transient meas-
urements to detect the initiation of rotating stall. A typical plot of the transient
data is compared with an oscillograph record of the transducer signal in fig-

ure 14,
Data Reduction Procedures

Data reduction was accomplished in two steps. The first step involved the
use of two computer programs to (1) convert millivolt readings to appropriate
engineering units, and (2) provide an array (tabulated and plotted) of pressure,
temperature and air angle data at each axial station. Conversion of data to
absolute values, appropriate Mach number corrections, and correction of pres-
sures and temperatures to NASA standard day conditions were performed in the

second computer program.

The second step in the data reduction procedure involved the calculation
of overall and blade element performance variables for the rotor and stator
blades. The array of data provided in step 1 above was analyzed for the selec-
tion of radial distributions of pressure, temperature, and air angle at each axial
station for input into the overall and blade element performance computer pro-
gram, Stator exit total temperatures were used for the calculation of rotor

blade element data and rotor efficiency.

Pressure ratios were calculated for the rotor, and the rotor-stator (stage).
The rotor and stator exit total pressures were weighted according to local mass
flow to obtain average values. The stator wake total pressures at each radial
measuring station were mass averaged using the local total pressure in the wake
and the 8-deg wedge probe static pressure to define local Mach No. Mass flux

was then obtained from the relationship

mo= WT e g Yol M2,1/2_£_
PA R 2 P

where T is measured total temperature and A is the flow area associated with

each total pressure tube. With the radial distribution of total pressure and mass

flux calculated, the total pressures were mass averaged in the radial direction.

12



Behind the rotor, the selected radial distribution of total pressure was mass
flow averaged using the 8~deg wedge probe static pressure and stator exit
radial temperature distribution to define weight flow. Wall static pressure data
at each station was used to check the 8-deg wedge probe data. In addition to the
four equally-spaced static pressure taps in the outer wall at Stations 2 and 2A,
four taps were spaced across one stator gap to check the static pressure
gradient associated with stator leading edges and/or wakes. These wall static
pressures are compared with the 8-deg wedge probe data extrapolated to the
wall, for the baseline configuration in figure 15. The extrapolated pressures

agree favorably with the wall static pressures,

Performance and velocity diagram calculations were performed for each
blade row along design streamlines that pass through 5, 10, 15, 30, 50, 70, 85,
90, and 95% span at the rotor exit instrumentation station. The measured static
pressures were used in conjunction with measured total pressures, total tem-
peratures, and flow angles to define velocity distributions at each axial station,
The performance and velocity diagram data were calculated directly from the
measurements obtained at the instrumentation stations. Translation of these
measurements to the blade-row leading and trailing edges was not considered
necessary because, with the small wall convergence, the data at the instrumenta-

tion stations very nearly approximates that at the leading and trailing edges.

Stall Transient Data

Bellmouth static pressure at incipient stall was determined from plots
similar to the one shown in figure 14, and the corresponding weight flow was
determined from the correlation of bellmouth static pressure and orifice flow
shown in figure 16. Stage exit total pressures, also obtained from plots similar
to the one shown in figure 14, were arithmetically averaged to obtain the general
shape of the pressure ratio-flow characteristic up to the point of incipient stall.
The steady-state data were extrapolated to the stall flow using the shape of the
transient data curve as a guide line. Incipient stall points were determined in

this manner for each rotor speed.
PRESENTATION OF DATA

The data are presented and discussed separately for each of the four con-

figurations., A summary comparison of performance for the four configurations

13




foliows the presentation of data. The order of presentation is outlined below

for convenience to the reader.
Unslotted Rotor 4 - Unslotted Stator 4

Overall Performance

Blade Element Performance
Slotted Rotor 4 - Slotted Stator 4

Overall Performance

Blade Element Performance

Slotted Rotor 4 - Slotted Stator 4 With Vortex Generators
Ahead of the Rotor

Overall Performance
Blade Element Performance

Unslotted Rotor 4 - Slotted Stator 4 With Vortex Generators Ahead of

the Rotor and Between the Rotor and Stator

Overall Performance
Blade Element Performance
The data for the baseline (unslotted) blading are compéred to predicted
performance without the assumed improvement in wall losses. The data for
the configurations with slots and/or vortex generators are compared to the pre-
dicted performance assuming that the losses would be reduced due to slots and
vortex generators. Definitions of the symbols and performance variables are

presented in Appendix A.

Unslotted Rotor 4 - Unslotted Stator 4
Overall Performance :

Overall performance data are presented in terms of pressure ratio and
adiabatic efficiency as functions of corrected weight flow (W\/O_/a) and equiva-
lent rotor speed (N4/g) for the rotor and stage, respectively, in figures 17
and 18. The solid symbol on the stall line is the stall point determined from
the transient data., Overall performance and bleed flow data for the steady~

state data points are presented in table A-1 of Reference 14.

The rotor achieved an efficiency of 85.8% and a pressure ratio of 1.298 at
design equivalent rotor speed and corrected flow (110 Ib/sec) compared with
respective predicted values (without slots and vortex generators) of 86.8% and

1.335. Stage efficiency and pressure ratio were 73.0% and 1.254 at design
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equivalent rotor speed and corrected flow (figure 18) relative to predicted

values of 78,1% and 1.305.

Rotor Blade Element Performance

Blade element performance and velocity diagram data are tabulated in
table B-1 of Reference 14 for each of the nine design streamline locations,
Rotor diffusion factor, deviation angle, and loss coefficient are shown as func-
tions of incidence angle in figures 19a through 19i. At the design incidence
angle for design speed the total pressure losses are slightly higher than the pre-
dicted values (without slots and vortex generators) at all locations except 30%
span from the tip where the loss is equal to the predicted value. The greatest
departures from the predicted loss occurred at 90 and 95% span. Deviation
angles larger than design values from 70 to 95% span and from 5 to 15% span
combined with increased midspan axial velocity, associated with the high hub
region losses, resulted in lower than design diffusion factors between 30 and
90% span. The diffusion factors within 10% span from either wall are larger
than the predicted values since the reduction in axial velocity in this region
was sufficient to offset the reduction in loading caused by the large rotor devia-

tion angles.

Loss parameter versus diffusion factor is presented in figures 20a through
20e for 10, 30, 50, 70, and 90% span. Correlations of the minimum loss data
of References 4 through 9 that were used to predict the performance of Stage 4
without slots and vortex generators are included in the figures for comparison
with the data. For design equivalent rotor speed, the loss parameter values
that correspond to the minimum loss coefficients in figure 19 at 10 and 30% span
are slightly below the correlation curve, whereas at 50, 70, and 90% span they

are above the correlation curve,

Stator Blade Element Performance

The stator inlet Mach No. and air angle distributions for design equivalent
rotor speed are shown in figure 21. The predicted distributions (without slots
and vortex generators) are included for comparison and, as indicated, the test
data for near design equivalent weight flow (108.68 1b/sec) agrees closely with

these values across the span.

Blade element performance and velocity diagram data are tabulated in
table B-1 of Reference 14 for each of the nine design streamline locations, Sta-
tor diffusion factor, deviation angle, and loss coefficient are presented as func-

tions of incidence angle in figures 22a through 22i. The diffusion factors are
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lower than the indicated predicted values across the entirve span, primarily
because of the relatively large deviation angles seen in the figures and the
associated high exit tangential velocities. The stator losses at design incidence
angle are less than the predicted values (without slots and vortex generators)

from 50 to 95% span and larger than the predicted values from 0 to 30% span.

Loss parameter is shown as a function of diffusion factor in figures 23a
through 23e for 10, 30, 50, 70, and 90% span. Correlations of the minimum loss
data of References 4 through 9 that were used to predict the performance of
Stator 4 without slots and vortex generators are included for comparison with
the test data. For design equivalent rotor speed, the loss parameter values
corresponding to the minimum loss coefficient in figure 22 are above the correla-
tion curves for 10 and 30% span and they are on or below the correlation curves
for 50, 70 and 90% span.

Pressure coefficient distributions for the stator suction surface at 10 and
90% span from the tip are shown in figures 24 and 25. The data are shown for
design equivalent rotor speed at incidence angles corresponding to maximum
attainable flow and near stage stall flow and three flows between these limits.
The pressure distribution that corresponds to near minimum loss and the pre-

dicted static pressure rise are indicated on each figure.

Although the shapes of the hub and tip static pressure distributions are
similar at minimum loss, the high tip deviation angle (approximately 8 deg
larger than predicted relative to a 3 deg difference for the hub-figures 22b and
h), combined with the apparent trend toward a constant static pressure coefficient
at 70% chord for the tip section, indicates that the tip section apparently separated
prior to the hub-section. The measured static pressure rise from Station 2 to
Station 2A for the near minimum loss incidence angles are also shown on the
figures for comparison with the data and predicted performance. These results
indicate that the predicted pressure rise was achieved as the result of axial

diffusion downstream of the vane row and not because of stator turning.
Slotted Rotor 4 - Slotted Stator 4

Overall Performance

Overall performance data are presented in terms of pressure ratio and

adiabatic efficiency as functions of corrected weight flow (W\fﬁ/é) and equivalent
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rotor speed (NA/G) for the slotted rotor and slotted stage, respectively, in

figures 26 and 27. The solid symbol on the stall line is the stall point determined
from the transient data. Also shown in these figures is the effect of boundary
layer bleed flow on overall performance. Overall performance and bleed flow

data for the steady-state data points are presented in table A-1 of Reference 14.

The rotor achieved an efficiency of 80% and a pressure ratio of 1,258 at
design equivalent rotor speed and corrected flow (110 1b/sec) compared with
respective design values of 89.5% and 1.349. Stage efficiency and pressure
ratio were 66.5% and 1. 21 (figure 27), respectively, at design equivalent rotor
speed and corrected flow compared to respective design values of 83. 8% and
1,324, As indicated in figures 26 and 27, reducing the boundary layer bleed
flow resulted in a lower stall flow with reduced rotor and stage pressure ratio

and efficiency.

Rotor Blade Element Performance

Blade element performance and velocity diagram data are tabulated in
table B-2 of Reference 14 for each of the nine design streamline locations.
Rotor diffusion factor, deviation angle, and loss coefficient are shown as
functions of incidence angle in figures 28a through 28i. The losses in the hub
and tip regions (15% span from either wall) are extremely high relative to pre-
dicted values for all incidence angles; the loss coefficients in these regions are
between 0.25 and 0,45. At design incidence angle the losses from 30 to 70% span
are also larger than design. Larger than design deviation angles from 5 through
90% span, combined with increased midspan axial velocity associated with the
high wall losses, resulted in lower than design diffusion factors from 30 to 90%
span. Between 5 and 15% span the diffusion factors are greater than or equal to
design because the reduction in axial velocity in this region was sufficient to

offset the reduction in loading caused by the large rotor deviation angles.

The effect of rotor tip bleed flow on blade element performance is also
indicated in figures 28a through 28i. Reducing the bleed flow resulted in
significantly greater losses and diffusion factors for the outer 30% span. The
deviation angles from 5 to 15% span are also substantially higher with reduced
bleed flow. These increases do not appear to be normal extensions of the blade
element logs, deviation angle and diffusion factor characteristics at the tip with

bleed flow, and are apparently associated with increased secondary flow. The
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increase in axial velocity from 50 to 100% span associated with the high tip

losses resulted in reduced loading and losses for the hub region.

Loss parameter versus diffusion factor is presented in figures 29a through
29e for 10, 30, 50, 70, and 90% span. Correlation curves for the minimum
loss data of References 4 through 9 and the slotted Stage 4 predicted performance
curves are included on the figures for comparison with the data. The predicted
performance curves are more optimistic than the data correlation curves
because of the expected reduction in losses with slots and wall vortex generators.
For design equivalent rotor speed the minimum loss parameter values are above

the predicted performance and data correlation curves at all span locations,

Stator Blade Element Performance

The stator inlet Mach Number and air angle distributions for design
equivalent rotor speed are shown in figure 30, The stator midspan region
(approximately 30 to 70% span) was operating with less than design incidence
over the entire flow range. Design incidence near the wall (15% span from
either wall) occurred at approximately design flow (110 lb/sec). As indicated
in figure 30, the Mach No. are higher than predicted for the midspan region

and lower near the tip for all flow conditions.

Blade element performance and velocity diagram data are tabulated in
table B-2 of Reference 14 for each of the nine design streamline locations.
Stator diffusion factor, deviation angle, and loss coefficient are plotted as
functions of incidence angle in figures 31a through 31i. At design incidence
angle the diffusion factors are less than the predicted values from 5 to 30%
span and from 85 to 95% span regions. At 50 and 70% span design incidence
was not obtained and the maximum diffusion factor was less than predicted.
Larger than design deviation angles across the entire span are primarily
responsible for the low diffusion factors. The minimum loss coefficients were
equal to or less than the predicted values except at the tip (5, 10, and 30% span);

but they did not occur at the design incidence angles.

The effect of bleed flow on stator performance for design equivalent
rotor speed is also indicated in figures 31a through 31i. Reducing the stator
bleed produced a noticeable increase in loss coefficient at the stator hub.
However, decreasing the stator bleed flow had little effect on the stator tip.

The change to large positive incidence angles seen at the stator tip without bleed
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flow and the associated loss increase is attributed to the large reduction in

stator inlet axial velocity caused by the increased rotor tip losses without bleed.

loss parameter is shown as a function of diffusion factor in figures 32a
through 32¢ for 10, 30, 50, 70, and 90% span. Correlation curves for the
minimum loss data of References 4 through 9, and the slotted Stage 4 predicted
performance curves are included in the figures for comparison with the data.
The predicted performance curves are more optimistic than the data correlation
curves because of the expected improvement in losses from slots and vortex
generators., For design equivalent rotor speed, the loss parameter values at
50, 70, and 90% span from the tip, that correspond to the minimum loss
coefficients in figure 31, are approximately on or below the predicted perform-
ance curves, At the other span location, the loss parameter values that correspond
to the minimum loss coefficients afe above the predicted performance and data
correlation curves.

Slotted Rotor 4 - Slotted Stator 4 with
Vortex Generators Ahead of the Rotor

Overall Performance

Overall performance data are presented in terms of pressure ratio and
adiabatic efficiency as functions of corrected weight flow (W%?_/zS) and equivalent
rotor speed (N/\@‘) for the rotor and stage in figures 33 and 34, The solid
symbol on the stall line is the stall point determined from the transient data.

Also shown in these figures is the effect of boundary layer bleed flow on overall
performance. Overall performance and bleed flow data for the steady-state points

are presented in table A-3 of Reference 14.

The slotted rotor achieved an efficiency of 79.5% and a pressure ratio of
1.254 at design equivalent rotor speed and corrected flow (110 1b/sec), compared
with respective design values of 89,5% and 1.349, Stage efficiency and pressure
ratio were 65, 0% and 1. 203, respectively, at design equivalent rotor speed and
corrected flow conditions compared with respective design values of 83.8% and
1,324, As indicated in figures 33 and 34, reducing the wall boundary layer bleed
flow resulted in a lower stall flow with reduced rotor and stage pressure ratioc

and efficiency.
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Rotor Blade Element Performance

Blade element performance and velocity diagram data are tabulated in
table B-3 of Reference 14 for each of the nine design sireamline locations. Rotor
diffusion factor, deviation angle, and loss coefficient are shown as functions of in-
cidence angle in figures 35a through 35i. The losses in the hub and tip regions
(156% from either wall) are high relative to the predicted values for all incidence
angles, with loss coefficients of 0, 25 or larger, The losses at 30% span are also
greater than the predicted values for all incidence angles, with loss coefficients
of 0.13 to 0. 20 relative to the predicted value of 0. 095. At design incidence
angle the losses at 50 and 70% span are approximately equal to the predicted
values. Deviation angles near the hub and tip (15% span from either wall) at
design incidence angles are 5 to 9 deg greater than the design values, whereas
near the middle of the flowpath (30 to 70% span) they are within 2 deg of design.
Between 30 and 70% span the diffusion factors are less than predicted because
of the increased midspan axial velocities associated with the high wall losses.
Near the wall (15% span from either wall) the diffusion factors are approximately
equal to or greater than the predicted values since the reduction in diffusion
factor associated with the high deviation angles was offset by the effect of the low

axial velocities in these regions.

The effect of rotor tip bleed flow on blade element performance is also
indicated in figures 35a through 35i. With reduced bleed flow the losses and

diffusion factors are significantly greater from 5 to 30% span. Moreover, the
deviation angles for the 5 to 15% span region are substantially higher with re-

duced bleed flow. These increases do not appear to be normal extensions of the
blade element loss, deviation angle and diffusion factor characteristics at the
tip with bleed flow, and are apparently associated with increased secondary
flows. In the hub region, the increase in axial velocity associated with the high

tip losses, unloaded the blades and reduced the losses from 70 to 95% span.

Loss parameter is shown as a function of diffusion factor in figures 36a
through 36e for 10, 30, 50, 70, and 90% span. Correlation curves for the mini-
mum loss data of References 4 through 9, and the slotted Stage 4 predicted per-
formance curves are included for comparison with the data. The predicted per-
formance curves are more optimistic than the data correlation curves because
of the expected reduction in losses with slots and vortex generators. For de-

sign equivalent rotor speed, the loss parameter values at 10, 30, 70, and 90% span
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that correspond to the minimum loss coefficients in figure 35 are above the pre-
dicted performance and correlation curves. At midspan the loss parameter that
corresponds to the minimum loss coefficient in figure 35e is approximately on the

predicted performance curve.

Stator Blade Element Performance

The stator inlet Mach No. and air angle distributions for design equivalent

rotor speed are shown in figure 37. As seen in the figure, the hub and tip re-
gion data indicate operation over a wide range of incidence angles both above and

below the design incidence, whereas the data for 30, 50, and 70% span indicate
operation primarily below design incidence. As indicated in figure 37, the
Mach No. for all flow conditions were close to the predicted values across the

entire span.

Blade element performance and velocity diagram data are tabulated in
table B-3 of Reference 14 for each of the nine design streamline locations.
Stator diffusion factor, deviation angle, and loss coefficient are presented as
functions of incidence angle in figures 38a through 38i. The diffusion factors
are slightly lower than the indicated predicted values across the entire span,
primarily because of the relatively large deviation angles seen in the figures -
and the associated high exit tangential velocities. Stator losses are high relative
to the indicated predicted values from 5 to 30% span and from 85 to 95% span. At
50 and 70% span the losses are slightly less than the predicted values.

The effect of bleed flow on stator performance is indicated in figures 38a
through 38i. Reducing the stator bleed produced a noticeable increase in the loss
coefficient at the stator hub. However, decreasing the stator bleed flow had
little effect on the stator tip. The change to large positive incidence angles at the
stator tip without bleed flow and the associated loss increase is attributed to
the large reduction in stator inlet axial velocity caused by the increased rotor

tip losses without bleed.

Loss parameter is shown as a function of diffusion factor in figures 39a
through 39e for 10, 30, 50, 70, and 90% span. Correlation curves for the mini-
mum loss data of References 4 through 9, and the slotted Stage 4 predicted per-
formance curves are included on the figures for comparison with the data. The
predicted performance curves are more optimistic than the data correlation curves

because of the expected improvement in losses from slots and vortex generators.
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For design equivalent rotor speed, the loss parameter values at 50, 70, and 90%
span that correspond to the minimum loss coefficients in figure 38 are lower
than the predicted performance curves. At the other span locations (10 and
30% span) the loss parameter values are above the correlation curves.
Unslotted Rotor 4 - Slotted Stator 4 With Vortex Generators
Ahead of the Rotor and Between the Rotor and Stator

During the testing of this configuration approximately one-third of the
stator inlet vortex generators separated from the wall. Since the time at which
the separation occurred could not be determined and since the relationship of the
remaining vortex generators to the instrumentation locations was such that
sufficient pressure, temperature, and air angle data was not available for vane
passages with vortex generators, the influence of the stator inlet vortex genera-
tors on stator performance could not be evaluated. However, the slotted stator
performance data is included in this report for the reader's convenience. Be-
cause of their small size, the effect of the non-uniform distribution of the re-
maining stator inlet vortex generators on rotor performance is considered
negligible. Therefore, the performance results for the rotor with inlet vortex

generators are considered valid.

Overall Performance

Overall performance data are presented in terms of pressure ratio and adi-
abatic efficiency as functions of corrected weight flow (W\/e—/ §) and equivalent
rotor speed ( N/ﬂ) for the rotor and stage in figures 40 and 41. The solid
symbol on the stall line is the stall point determined from the transient data.

Also shown in the figures is the effect of boundary layer bleed flow on overall
performance. Overall performance and bleed flow data for the steady-state

data points are presented in table A~4 of Reference 14.

The rotor achieved an efficiency of 86.5% and a pressure ratio of 1. 30
at design equivalent rotor speed and corrected flow (110 1b/sec) compared with
respective design values of 89.5% and 1.349. Stage efficiency and pressure
ratio were 72.3% and 1.247 at design equivalent rotor speed and correct flow
conditions compared to respective design values of 83.8% and 1.324. As indicated
in figures 40 and 41, reducing the boundary layer bleed flow resulted in a lower

stall flow with reduced rotor and stage pressure ratic and efficiency,
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Rotor Blade Element Performance

Blade element performance and velocity diagram data are tabulated in
table B-4 of Reference 14 for each of the nine design streamiine locations.
Rotor diffusion factor, deviation angle, and loss coefficient are shown as func-
tions of incidence angle in figures 42a through 42i, The losses in the hub and
tip regions (15% span from either wall) are high relative to the predicted values,
Larger than design deviation angles from 5 through 15% span and 70 through 95%
span combined with increased midspan axial velocity associated with the high wall
losses resulted in lower than design diffusion factors from 30 to 95% span.
From 5 to 15% span the diffusion factors are greater than the predicted values
because the reduction in axial velocity in this region was sufficient to offset the

reduction in loading associated with the large rotor deviation angles,

The effect of rotor-tip bleed flow on the blade element performance is
indicated in figures 42a through 42i. With reduced bleed flow the losses and
diffusion factors are larger from 5 to 15% span. The deviation angles from
5 to 15% span are also substantially higher with reduced bleed flow. These
increases do not appear to be normal extensions of the blade element loss,
deviation angle and diffusion factor characteristics at the tip with bleed flow,
and are apparently associated with increased secondary flows. The increase
in axial velocity from 50 to 95% span associated with the high tip losses reduced

the loading and losses for the hub region,

Loss paramter versus diffusion factor is presented in figures 43a through
43e for 10, 30, 50, 70, and 90% span. Correlation curves for the minimum
loss data of References 4 through 9 and the slotted Stage 4 predicted performance
curves are included for comparison with the data. The predicted performance
curves are more optimistic than the data correlation curves because of thé,
expected reduction in losses with slots and vortex generators. For design
equivalent rotor speed, the loss parameter values that correspond to the
minimum loss coefficients in figure 42 and 30 at 50% span are on or below the
predicted performance curves, whereas at 70 and 90% span they are above
the data correlation curves. At 10% span the loss parameter value that cor-
responds to the minimum loss coefficient in figure 42b is between the data

correlation and predicted performance cuyrves.
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Stator Blade Element Performance

As previously stated, approximately one-third of the stator inlet vortex
generators were lost during the test program. The non=-uniform distribution
of the remaining vortex generators and their location relative to the instru-
mentation precluded their evaluation., However, the stator blade element data

are presented for general information purposes.

The stator inlet Mach No and air angle distributions for design equivalent
rotor speed are shown in figure 44, The predicted distributions (with slots
and vortex generators) are included for comparison, and with the exception of
the tip Mach No. are seen to be within the range of test data. For design flow
the stator was operating with less than design incidence angle from 15 to 85%
span and approximately design incidence at the hub., The tip sections (5 an(i 10%

span) were operating with higher than design incidence angle at design flow,

Blade element performance and velocity diagram data are tabulated in
table B-4 Reference 14 for each of the nine design streamline locations. Stator
diffusion factor, deviation angle, and loss coefficient are plotted as functions
of incidence angle in figures 452 and 45i. The losses are higher than the
predicted values from 5 to 15% and from 70 to 95% span. At 30 and 50%
span from the tip the losses are slightly less than predicted. The diffusion
factors are less than the predicted values across the span primarily because
of the larger than design deviation angles seen in the figures and the associated

high exit tangential velocities.

The effect of bleed flow on stator performance is also indicated in figures
45a through 45i, Reducing the stator bleed flow produced a noticeable increase
in the loss coefficient at the stator hub. However, decreasing the stator bleed
flow had little effect on the stator tip losses. The change to large positive
incidence angles seen at the stator tip without bleed flow is attributed to the
large reduction in stator inlet axial velocity caused by the increased rotor tip

losses without bleed,

Loss parameter versus diffusion factor is presented in figures 46a
through 46e for 10, 30, 50, 70, and 90% span. Correlation curves for the
minimum loss data of References 4 through 9 and the slotted Stage 4 predicted
performance curves are included for comparison with the data, The predicted
performance curves and more optimistic than the data correlation curves
because of the expected reduction in losses with slots and vortex generators,
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For design equivalent rotor speed, the loss parameter values corresponding

to the minimum loss coefficients in figure 45 at 10 and 70% span are on or
above the predicted predicted performance and correlation curves, while at

50 and 90% span they are below the predicted performance curves, At 30%
span the loss parameter value that corresponds to the minimum loss coefficient

in figure 45d is approximately on the predicted performance curve.
SUMMARY AND COMPARISON OF PERFORMANCE

This section provides a summary and a comparison of the overall and
blade element performance that was presented for individual stage configurations

in preceding sections.
Performance Summary

The several stage 4 configurations tested exhibited generally poor
pressure ratios and efficiencies compared to the predicted values. The low
rotor total pressure ratios are attributed to reduced rotor work input due to

increased midspan axial velocity (associated with the losses near the walls),
and larger than design deviation angles near the walls. The low rotor effi-

ciencies result primarily from the high losses near the walls. High stator
losses resulted in poor stage efficiency. The stator tip losses were particularly

high compared to the predicted losses for the tip region.

Reducing the wall boundary layer bleed flow in the rotor and stator altered
the rotor and stage pressure ratio and efficiency and changed the pressure ratio-
flow characteristic at constant rotor speed. The cause of this result is believed
to be a redistribution of the flow brought about by increased secondary flow and

higher losses in the rotor tip region.

Performance Comparisons

The operating characteristics (pressure ratio-flow) for the 4 configu-
rations are compared for both the rotor and stage in figure 47. The corre~
sponding efficiencies are compared in figure 48, Since it is of interest to note
the range and stall margin obtained with each configuration, the stall limit
lines are included on figures 47 and 48, As discussed in the Data Reduction
Procedures, the stall limit line was determined by calculating the incipient
stall flow from the transient recording of bellmouth static pressure and
extrapolating the steady-state pressure ratio~flow characteristic to the

stall flow. To provide a quantitative criterion for evaluating the stability




range of each configuration, the stall margin (percentage by which the pressure
ratio divided by the flow at stall exceeds that quantity at the design point)
was calculated for both the rotor and stage and is presented in table A-5 of

Reference 14 for each configuration.

With the exception of the minimum flow data at 70% of design equivalent
rotor speed, the pressure ratio and efficiency of slotted stage 4 were lower than
those of the baseline configuration., At design corrected rotor speed, the slots
caused a shift in the pressure ratio-flow characteristic toward lower flow,

At 70% design corrected rotor speed, the maximum flow for the slotted stage was
less than the maximum flow for the baseline stage, but the stall flows were
approximately the same, The addition of vortex generators ahead of the slotted
rotor resulted in slightly higher peak rotor and stage efficiencies, but the
efficiencies were still substantially less than the baseline configuration at

design equivalent rotor speed.

The addition of vortex generators ahead of the rotor and between the rotor
and stator of a stage comprised of unslotted rotor 4 and slotted stator 4 resulted
in approximately a 10% increase stall margin, relative to the baseline con-
figuration, at design speed without a reduction in peak pressure ratio. As
shown in figure 48, the increase in surge margin was also accompanied by
higher peak rotor and stage efficiencies. The maximum flow was reduced
somewhat from that of the unslotted stage. At the higher flows the pressure
ratio was slightly less than the unslotted baseline stage, but the reductions
in pressure ratio and efficiency were significantly less than that observed
with the slotted stage. Since the surge line is approximately the same for
the slotted stage both with and without rotor inlet vortex generators, one
might conclude that the stator inlet vortex generators were responsible for the
gain in surge margin for the unslotted rotor and slotted stator stage. Since
the loss of approximately 30% of the stator inlet vortex generators precluded
their evaluation and since the stage was not tested without the stator inlet
vortex generators, the individual effects of the rotor and stator inlet vortex
generator cannot be separated. However, the increase in surge margin can be
partially attributed to the rotor inlet vortex generators since they unloaded
the rotor blade end regions and reduced the losses at high incidence angles:
allowing the midspan loading to increase prior to stall. The increase in mid-
span loading was accompanied by operation at higher incidence angles and con-

sequently lower flows before reaching a stalled condition,
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Composite plots of rotor loss coefficient, deviation angle, and diffusion
factor are presented as a function of incidence angle for the four configura-
tions at the hub, mean and tip in figures 49a through 49¢c. As previously
stated, the rotor slots increased the wall losses and tip deviation angles
while the addition of vortex generators upstream of the unslotted rotor reduced
the wall loading and losses at the higher incidence angles, The midspan losses
and hub deviation angles were also reduced by the addition of the vortex
generators ahead of the unslotted rotor. The addition of vortex generators
ahead of the slotted rotor produced a slight reduction in rotor tip losses rela-

tive to the slotted rotor results, with little change at the hub.

The same blade element performance variables are presented for the
stator hub, mean and tip sections in figures 50a through 50c. The slots
lowered the stator hub loading aﬁd slightly reduced the losses, but the reductions
in losses were not significant enough to affect the stage performance. The
effect of the stator inlet vortex generators on stator performance could not
be evaluated because approximately one~third of the vortex generators separated

from the wall during the test program.
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Figure 2b. Rotor 4 Slot Configuration FD 38124
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Figure 4b. Rotor Vortex Generator Design FD 38118A
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STATION NUMBER

180 0 1 2A 3 Bottom Center
188.0
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0-360 () 35655 = 8 ATl 3555 Top Center
R
08 270 325
A 380
45 —— [7] 466
T) 783
84.0
Q) e
(ﬁ 100.8 7] 1026
130.4
135 3
Q R X 138.2
Inlet Strut 147. N 14785
Locstion U@ 830 @ 158.3
180 i Botiom Center
1 2 2A 3
STATION NUMBER
Symbol Definition
O tnner Wall Static & Total Prossure Radia!l Rake - 10, 30, 50, 70 and 90% Span
€@ OCuter Wall Static § Circumferential Total Pressure Rake - 15, 50 and 95% Span
A Traverse Probs - 20° Wedgs G Circumforsntial Total Pressure Rake - 10, 70 and 90% Span
£, Traverss Probe - 8° Wedgs € Circumferentisl Total Pressure Rake - 8, 30 and 85% Span
@ High-Responss Pressure Transducer - (0 Total Tempersture Radial Reke - 10, 30 70 and 80% Span
10% Spen [T} Yowl Temperature Radisl Reke - 5, 15, 50, 85 and 95% Span
Hote:
Alt massuremenis in degress
Figure 9. Instrumentation Layout FD 34366A
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Tip Tip
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—_r— Span ) Span
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Figure 10. Stator Static Pressure Instrumentation FD 34362
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Figure 12. Circumferential Total Pressure Rake

e— 0,162

{Typ 15 Places)
16 Sensors Each Head

Note:
Dimensions are in inches,

FD 34365
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Figure 13. Wedge Traverse Probes
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Figure 14. Typical Stall Transient Data
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Figure 15. Comparison of Stator Inlet and Exit Wall DF 83415
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Figure 20c. Rotor 4 Loss Parameter vs Diffusion Factor, 50% Span From Tip DF 83394
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Figure 23b. Stator 4 Loss Parameter vs Diffusion Factor, 30% Span From Tip DF 83407
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APPENDIX A
DEFINITION OF SYMBOLS
AND PERFORMANCE VARIABLES

AA Flowpath annular area, ftZ

a;) Inlet relative stagnation velocity of sound, ft/sec

c Chord length, in.

Cp Static pressure coefficient

d Diameter

D Diffusion Factor

im Incidence angle, deg (based on equivalent circular arc meanline)

M Absolute Mach number

N Rotor speed, rpm

0 Minimum blade passage gap, in.

O* Critical blade passage gap, in.

P Total pressure, psia

P Static pressure, psia

t Blade maximum thickness, in,

T Total temperature, °R

TS Static temperature, °R

U Rotor speed, ft/sec

\Y Velocity, ft/sec

AW Actual flowrate, lbm/ sec

i} Air angle, deg from axial direction

Y Ratio of specific heats

v° Blade-chord angle, deg from axial direction

) Ratio of total pressure to NASA standard sea level pressure
of 14,694 psia

8° Deviation angle, deg

Nad Adiabatic efficiency

6 Ratio of total temperature to NASA standard sea level
temperature of 518, 7°R

K Blade metal angle, deg from axial direction (based on
equivalent circular arc meanline)

p Density, 1bf secz/ft4

o Solidity, ¢/S
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@ Blade camber angle, Kl - KZ9 deg

w Loss coefficient

 cos B/20 Loss parameter

Subscripts:

0 Compressor inlet (bellmouth)
Rotor inlet

2 Rotor exit

2A Stator exit

3 Stator exit (1. 0 chord length downstream from Station 2A)

f Force

id Isentropic condition

L Local

m Mean or mass

le Leading edge

te Trailing edge

8 Static condition

Z Axial component

6 Tangential component

Superscripts:

! Related to rotor blade

- Mass average value
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Definition of Overall Performance Variables

Pressure Ratio:

Rotor:

Corrected Flow

wve /6

Corrected Specific Flow:

W
A A
Equivalent Rotor Speed:

N/Va

Adiabatic Efficiency:

(—i‘S/—P)
9 o

Rotor: —
T2A /518,7 -1

Polytropic Efficiency:

¥

=1 4 (P,/P))

Rotors M p = 1T, /518.7)
Stall Margin:

R/

W‘/o—k st;ll W\/B‘/a

Pz/Pl

Poa

Stage:

|

o

(PZA /Po)

Stage: —
TZA/518.7 -1

v -
5y

Stator: N p = 1n(T

1. .
In (Pya/Py)

/Tsz>

SoA

design

/ﬁz/ﬁi

QN¢5‘5

design
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Definition of Blade Element Performance Variableg

Incidence Angle:

e 1 o - K o 9 = —
Rotor: i B'l le Stator: i 62 Kio
Diffusion Factor:
1 -
Rotor: D = 1 - ;,3 T ddz Viz'd d%["fol
1 gy tdy) Ve
A% )
2A d Vv d..V
Stator: D = 1 - + —2 82- 24 62A
V2 (d2 + dzA) VZO’
Deviation Angle:
. o _ - . o - K
Rotor: 5 6‘2 Kio Stator: & BZA te
Loss Coefficient:
P -P
Rotor: w = _l;zl—d——z—
1 " p1
where; ~X.
U 9 1 3 -1
P = P 1+ 22 2 1 -2
2id 1 2 "y 2 d2
%1
1
- Y-
P' is found from p/P' = ll + 7_2__1 M'Z}

and M' is calculated using trigonometric functions and the measurements
of U, B, P, and p.

Fo, - Poa
Stator: w = FC D
2 2
1
where:
PZ = the wake rake freestream total pressure

1
Stator Static Pressure Coefficient:
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APPENDIX B

BLADE ELEMENT DESIGN DATA

Rotor and stator design velocity diagram data, blade element geometry
data and predicted performance for Stage 4 designed on the assumption that
there would be reduced losses due to slots and vortex generators are pre-
sented in tables B-1 and B~2, Velocity diagram and predicted performance
for the Stage 4 blading without assuming reduced losses due to slots and vortex
generators are given in tables B-3 and B-4, The rotor and stator design
geometry from tables B-1 and B-2 are repeated in tables B-3 and B-4. Symbols

are performance variables are defined in Appendix A,
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Table B~1. Slotted Rotor 4 Blade Element Design Data Along Design Streamlines

Geometry Data

Airfoil: NACA 65 (A=1.0) Aspect Ratio: 1.320
No. of Blades: 60 Chord Length: 2.21 in.
% Span from Tip
Leading Trailing K
Edge Edge le Kte & Y 0/0%* o t/c
97.01 96. 90 56.43 -8.50 64. 93 23.97 1.286 1.276 0.078
91.02 91.02 56.22 -3.50 59.72 26.36 1.270 1.258 0.076
86. 71 86. 60 56.28 -0.20 56.48 28.04 1.259 1.243 0.074
71.02 69. 60 57.70 9.75 47.95 33.173 1.224 1.197 0. 068
50. 06 49.10 61.29 16.40 44,89 38.85 1.19%4 1.143 0. 060
29,59 28.40 65. 85 19.10 46.75 42.48 1.177 1.093 0.052
14.02 13.50 70.18 19.28 50. 90 44.73 1.147 1.060 0. 046
9.23 8. 80 71.89 19.05 52.84 45. 47 1.134 1.050 0. 044
3.36 3.36 73. 85 18.65 55.20 46.25 1.119 1.040 0.042
Velocity Diagram Data
Corrected Rotor Speed 4210
% Span From Tip
Leading Trailing 4 v ; . . .
Edge Edge le zle v fle b le Ule V"te Vzte V0te Bte U'te
97. 01 96. 90 780.00 489.20 605.10 51.23 604.9 438.80 437.50 37.9 4. 82 607.9
91.02 91.02 788.35 490.09 616.70 51.53 615.7 453.25 447.70 71.2 8.95 616.2
86. 71 86.60 794.20 492.80 623.60 51.78 624.2 463.90 454.20 95.9 11.75 622. 6
71.02 69. 60 814.30 496.00 647.80 52.74 647.7 498.40 466.75 174.9 20.40 645. 5
50,06 49.10 837.40 488.25 679.80 54.30 680.0 527.25 471.65 234.9 26.47 675. 8
29.58 28.40 865.20 473.70 711.30 56.28 711.7 546.75 472,70 272.3 29.83 705.3
14.02 13.50 865.10 454.60 735.00 58.17 735.0 556.80 472,05 292.3 31.55 726.3
9.23 8. 80 867.50 446.656 742.65 58.85 742.5 560.30 472.20 297.9 32.05 733.1
3.36 3.36 870.05 436.25 751.80 59.72 751.7 565.75 473.75 303.8 32.58 740.2
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Table B-1. Slotted Rotor 4 Blade Element Design Data Along Design Streamlines (Continued)

Pressure Ratio: 1.349 Efficiency: 89.5%
% Span From Tip

Leading Trailing ! ' . o Loss °
Edge Edge a8 Mle 'm Df w Parameter 5 Pte Tte
97. 01 96. 90 - 46,41 0.713 - 5.20 0.722 0.176 0.069 13. 32 20.197 576.59
91.02 91.02 42,58 0.720 - 4.69 0.697 0.149 0. 058 12.45 20.116 574.41
86.71 86. 60 40. 03 0. 726 - 4.50 0.681 0.131 0.052 11.95 20. 057 573.16
71.02 69. 60 28. 64 0.744 - 4.96 0.632 0.089 0.034 10. 65 19.834 569.53
50,06 49.10 27.83 0.765 - 6.99 0.603 0.073 0.029 10.07 19.766 568.50
29.59 28.40 26.45 0.780 - 9.57 0.598 0.094 0.037 10.73 19. 762 569.58
14.02 13.50 26.62 0.789 -12.01 0.600 0.127 0.051 12. 27 19.719 571.30
9.23 8. 80 26. 80 0.790 ~13.04 0. 600 0.139 0.056 13.00 19.714 571.87
3.36 3.36 27.14 0.792 -14.13 0.599 0.155 0.063 15.93 19. 683 572.54
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Table B-2. Slotted Stator 4 Blade Element Design Data
Along Design Streamlines '

Geometry Data

Airfoil: NACA 65 (A=1.0) Aspect Ratio: 1.689
No. of Vanes: 58 Chord Length: 2.182 in.
Thickness Ratio, t/c: 0.090
% Span From Tip
Leading Trailing K

Edge Edge le Kt ¢ Ye 0/0* g
94, 87 94. 87 53.81 -16.48 70.29 18.67 1.324 1.214
90. 07 90. 07 51. 87 -15.59 67.46 18.14 1.310 1.200
85.0 84. 85 50.23 -14.62 64. 85 17.81 1.297 1.187
70.27 69. 98 47.18 -12.52 59.70 17.33 1.265 1.151
50. 40 49,95 46. 30 -11.67 57. 97 17.32 1.236 1.105
30.27 29.25 48.75 -12.52 61.27 18.12 1.216 1. 063
15.27 14. 60 52.40 -14.12 66.52 19.14 1.196 1.032
10.27 9.70 53.92 -14.95 68. 87 19.49 1.194 1.021
5.0 4. 60 55. 80 ~15.95 71.75 19.93 1.199 1.010
Velocity Diagram Data
% Span From Tip
Leading Trailing
Edge Edge Vle Vzle VG le Ble Vte Vzte Vlite 8 te
94. 87 94. 87 735.2 474.2 561.2 49,71 469.0 468.9 0.0 0.0
90. 07 90. 07 725.0 482.9 540.2 48.15 468.9 468.8 0.0 0.0
85.0 84. 85 715.2 491.2 520.4 46.68 468.7 468.7 0.0 0.0
70,27 69. 98 690.0 501, 1 474.3 43.45 468.9 468. 8 0.0 0.0
50. 40 49. 95 667.9 498.9 443.2 41.59 477.0 476.4 0.0 0.0
30.27 29.25 649.6 481.0 435.2 42,07 489.9 489.9 0.0 0.0
15.27 14. 60 631.2 454.8 436.8 43. 77 504.9 503.7 0.0 0.0
10.27 9.70 623.8 448.5 437.8 44.52 511.1 510.2 0.0 0.0
5,0 4, 60 615.3 429.9 438.5 45,40 518.7 517.5 0.0 0.0
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Table B-2. Slotted Stator 4 Blade Element Design Data
Along Design Streamlines English Units

(Continued)

Stage Pressure Ratio: 1.324 Stage Efficiency: 83.8%
% Span From Tip

Leading Trailing . — Loss o
Edge Edge As Mle 'm Df w Parameter 5 Pte
94, 87 94. 87 49.71 0. 652 - 4.105 0.676 0.142 0.058 16.48 19.455
90. 07 90. 07 48.15 0. 644 - 3.730 0.663 0.132 0.055 15.59 19.455
85.0 84. 85 46, 68 0.634 - 3.555 0. 652 0.121 0.051 14.62 19. 455
70,27 69. 98 43.45 0.612 - 3.730 0.620 0.094 0.041 12.52 19.418
50. 40 49.95 41.59 0.591 - 4,710 0.588 0.072 0.033 11.67 19. 440
30.27 29.25 42. 07 0.574 - 6.680 0.563 0.073 0.034 12.52 19.469
15.27 14. 60 43.77 0.557 - 8.630 0.537 0.066 0.032 14.12 19.484
10,27 9.70 44,52 0.549 ~ 9.400 0.526 0.062 0. 030 14.95 19.484
5.0 4.60 45.40 0.541 -10.405 0.511 0.056 0.028 15.95 19.492
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Table B-3. Unslotted Rotor 4 Blade Element Design Data Along Design Streamlines

Geometry Data

Airfoil: NACA 65 (A =1.0) Aspect Ratio: 1.820
No. of Blades: 60 Chord Length: 2,21 in,
% Span from Tip

Leading Trailing 5 ,e ;

Edge Edge Ko Koo 0/0%* o t/c
97.01 96. 90 56,43 -8.50 64.93 23.97 1.286 1. 276 0.078
91,02 91. 02 56.22 -3.50 59..72 26,36 1,270 1. 258 0,076
86.71 86. 60 56.28 -0, 20 56,48 28,04 1.259 1. 243 0,074
71.02 69. 60 57.70 9.75 47,95 33.73 1.224 1,197 0,068
50,06 49,10 61,29 16.40 44,89 38. 85 1.194 1.143 0.060
29.59 28,40 65. 85 19,10 46,75 42,48 1.177 1.093 0,052
14,02 13.50 70.18 19,28 50.90 44,73 1,147 1.060 0.046

9.23 8. 80 71.89 19.05 52,84 45,47 1.134 1. 050 0,044

3.36 3.36 73. 85 18.65 55,20 46, 25 1.119 1. 040 0.042

Velocity Diagram Data

Corrected Rotor Speed 4210 rpm Corrected Weight Flow: 110 Ib/sec

% Span from Tip
Leading Trailing

d 7

Edge Edge Ve Vale V916 e Ule Vi Vate Vigte B'te Yo
96. 8 94,9 780.1 488. 3 608. 3 51.25 608. 3 413, 8 411.4 44.3 6.14 610,7
92.2 89. 8 786.4 489, 6 615.4 51.49 615.4 437.1 430.9 73.4 9.67 618,0
87.4 84,6 793.0 491.0 622. 8 51.75 622, 8 459, 6 448, 0 102.5 12.89 625.3
72.0 69.3 812.7 492, 7 646.3 52.68 646, 3 519.7 487.1 181.3 20.41 647, 2
50.5 49,1 836. 8 488.5 679. 4 54,28 679.4 560.3 501.6 249.6 26.45 676.1
28.9 29,1 855, 8 474,1 712.4 56,36 712. 4 561, 7 487, 2 279.5 29.84 704.5
13.4 14.4 865.4 454, 8 736.3 58.30 736.3 545.6 464,77 286.0 31.61 725.4

8.4 9.6 867.9 446, 9 744, 0 59,01 744, 0 540, 0 457.5 287.0 32.11 732, 3

3.4 4,9 870, 0 438.2 751.6 59,76 751.6 535.0 450, 9 287.9 32.56 739.1
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Table B-3. Unslotted Rotor 4 Blade Element Design Data Along Design Streamlines (Continued)

Design Performance Data

Pressure Ratio: 1.335 Efficiency: 86.8%
%Span from Tip Ag _ Loss
7 i14 1 i w °
Leading Trailing M le i D ¢ Parameter ) Pte Tte
96,8 94,9 45.11 0.712 -5.15 0.754 0.261 0.102 14.44 19,65 576.3
92.2 89. 8 41,82 0.718 -4,76 0.718 0.222 0,087 14,17 19,67 574.7
87.4 84. 6 38. 86 0.724 -4,50 0.684 0.186 0.073 13.69 19.69 573.1
72.0 69.3 32,27 0.742 -4.92 0.599 0.097 0,038 11.11 19.70 568.9
50.5 49.1 30. 83 0.764 -6.97 0.555 0.057 0.022 10,15 19.66 566.7
28.9 29.1 26.52 0.781 -9.44 0.575 0.106 0.042 10. 69 19.54 568.5
12 4 14.4 26. 69 0,788 -12, 15 0,615 0.184 0,074 12, 36 19.38 571. 8
8. 4 9.6 26. 90 0,790 ~13.09 0.628 0.211 0.085 13,11 19.33 573.0
3.4 4,9 27,20 0.791 -14.24 0.641 0.238 0.097 13.88 19. 28 574.2
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Table B-4. Unslotted Stator 4 Blade Element Design Data
Along Design Streamlines ‘ ‘

Geometry Data

Airfoil: NACA 65 (A =1.0) Aspect Ratio: 1,689
No. of Vanes: 58 Chord Length: 2.182.in.
Thickness Ratio, t/c: 0.090
% Span from Tip
Leading Trailing K

Edge Edge le Kte ¢ ¥° 0/0% g
94. 87 94, 87 53. 81 -16.48 70.29 18.67 1.324 1.214
90, 07 90,07 51, 87 -15.59 67.46 18.14 1.310 1.200
85.0 84. 85 50,23 -14. 62 64. 85 17.81 1,297 1.187
70,27 69.98 47.18 -12.52 59.70 17.33 1.265 1,151
50, 40 49. 95 46. 30 -11.67 57.97 17.32 1.236 1.105
30. 27 29.25 48.75 -12.52 61.27 18.12 1.216 1.0863
15.27 14. 60 52.40 ~-14.12 66.52 19.14 1.196 1,032
10, 27 9.70 53.92 -14. 95 68. 87 19.49 1.194 1.021
5.0 4. 60 55. 80 -15.95 71.75 19.93 1.199 1.010
Velocity Diagram Data
% Span from Tip
Leading Trailing
Edge Edge Ve Vale Vole Ple Vie Vite Vote Bre
95.1 94.5 723.3 449. 4 566. 7 51.59 371.1 371.1 0.0 6.0
90. 2 88. 8 719.0 468.6 545.3 49,33 410.1 410.1 0.0 0.0
85.3 83. 4 714.2 485.3 523.9 47,19 442, 7 442. 7 0.0 0.0
70.4 67.8 700.9 521.9 467.8 41, 87 505.7 505.7 0.0 0.0
50.7 47.6 681.4 529.5 428.9 39.01 520.3 520.3 0.0 0.0
30.8 27.7 656.3 497. 8 427. 6 40.66 518,7 518.7 0.0 0.0
15.6 13.5 629.5 448. 2 442.0 44. 60 520.0 520.0 0.0 0.0
10.4 9.0 619.4 428. 2 447.6 46. 27 521.9 521.9 0.0 0.0
5.2 4.6 608.2 405. 6 453. 2 48,17 524, 7 524. 7 0.0 0.0
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Table B-4. Unslotted Stator 4 Blade Element Design Data
Along Design Streamlines (Continuedy '

Design Performance Data

Stage Pressure Ratio: 1.305 Stage Efficiency: 79.7%
% Span from Tip
Leading Trailing . — Loss °
Edge Edge a8 M ‘m Dy w Parameter 5 Pie
95.1 94.5 51.59 0.639 -2.41 0.810 0,318 0.131 16.55 18.15
90.2 88.8 49,33 0.636 -2.54 0.746 0.264 0.110 15.52 18.44
85.3 83.4 47.19 0.632 -3.12 0.690 0.211 0.089 14.70 18.71
70.4 67.8 41, 87 0.622 -5,33 0.569 0.094 0.041 12.50 19.28
50.7 47.6 39.01 0.605 -7.29 0.522 0.063 0.029 11.57 19.39
30. 8 27,7 40. 66 0.580 -8.06 0.517 0.075 0.035 12.51 19,24
15.6 13.5 44, 60 0.553 -7.70 0.515 0.075 0.036 14.14 16.11
10.4 9.0 46. 27 0.543 -7.63 0.512 0.074 0.036 14.93 19,07
5.2 4,6 48. 17 0.532 -7.58 0.506 0.072 0.036 15. 90 19.03
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